Abstract: The alignment of transmitter coils for the three-dimensional electromagnetic articulograph (3D-EMA), an instrument used to measure articulatory movements, was studied. Receiver coils of the 3D-EMA are used as position markers and are placed in alternating magnetic field produced by multiple transmitter coils. The estimation of the state (the position and orientation) of each receiver coil is based on the minimization of the signal error between the measured and predicted receiver signals using a model of the magnetic field. Previous studies report a noticeable increase in the position estimation error irrespective of small signal error at a specific portion of the measurement region. The existence of the non-uniqueness problem in the position estimation is hypothesized to be the cause of this problem. To resolve the problem, we optimized the alignment of the transmitter coils by maximizing the difference between the receiver signals for any pair of states in the measurement region and evaluated the alignment by performing computer simulations and actual measurement. As a result, a measurement accuracy of approximately 0.4 mm was obtained.
INTRODUCTION
Humans can produce speech sounds with various phonological characteristics by skillfully manipulating several articulatory organs such as the tongue, lips, and jaw. Knowing the articulatory movements that create these phonological characteristics is important for understanding the underlying mechanisms engaged in speech production. In recent years, various pronunciation training systems using the information of these articulatory movements have been studied [1, 2] . In those systems, the objective and the observed states of articulators are fed back to learners intuitively. The study of articulatory movements is very important for both basic and applied research fields of speech production.
Various observation techniques for measuring articulatory organs have been studied such as a magnetic resonance imaging (MRI) [3] and X-rays [4] . However, it is difficult for these techniques to record the movement of articulatory organs during continuous speech because in MRI the frame rate is not high enough and radiation exposure cannot be avoided when using X-rays. Conversely, an electromagnetic articulograph (EMA) has sufficiently high temporal resolution for observing the dynamic articulatory behavior without being overly invasive [5] . The principle of two-dimensional electromagnetic articulography has been studied by Schönle et al. [6] and Perkell et al. [7] . The system estimates the position of receiver coils on a measurement plane using three transmitter coils. The accuracy of the system deteriorates when the receiver coil leaves the measurement plane [8] . Therefore, the movement of the head for the subject has to be restricted and it is difficult to observe the movement of articulatory organs that lie out of the plane. To reduce these problems, a three-dimensional EMA (3D-EMA) was developed. It extends the measurement region from the sagittal plane to the three-dimensional space using six transmitter coils [9, 10] . The AG500 system which is the commercial 3D-EMA system was developed by Carstens Medizinelectronik GmbH.
Recently, an application that is used to control the articulatory movement model [11, 12] and a speech training method [2] that uses the recorded data from the 3D-EMA were investigated. In addition, a portable 3D-EMA system (Wave Speech Research System, Northern Digital Inc., Waterloo, Canada) has been developed, and the positional tracking accuracy of this system was assessed [13] . In the paper, Berry reports that the magnitudes of the extreme tracking errors obtained while using this system may exceed those reported for the Carstens AG500 system.
On the other hand, Hoole et al. [14] reports a noticeable increase in the position estimation error irrespective of small signal error. Stella et al. [15] investigated the position estimation error by eliminating any hardware or electromagnetic source of disturbance, and clarified the noticeable increase in error that had occurred in certain regions.
Stella et al. [15] concluded that the cause of the error is not due to any physical problem of the system but the wrong convergence of the calculation method during position estimation. However, we believe that the error is also due to the magnetic field distribution, because the error had occurred repeatedly in certain regions. In the state estimation of the receiver coil, the error between the predicted and measured receiver signals are minimized. Because the receiver signal is dependent on the magnetic field, the spatial distribution of the magnetic field can influence the accuracy of the state estimation to a large degree. If there exist different states of the receiver coil that produce almost the same receiver signals, the receiver state cannot be determined uniquely from the measured receiver signal. In this paper, we call this problem the nonuniqueness problem.
Berry [13] also reports the median and maximum errors of 0.26 mm and 7.01 mm for NDI Wave system under the near field condition. The error was determined by measuring the distance between two markers fixed on a rigid body. We speculate that a similar ill-posed problem might take place and caused a large error of the NDI system.
To resolve the non-uniqueness problem, we thought the magnetic field distribution should be changed to the appropriate distribution for which the problem does not happen. Because the magnetic field distribution is decided by the alignment of the transmitter coils, we introduce a criterion which assesses the magnetic field distribution in terms of the non-uniqueness problem as a function of the alignment of the transmitter coils. This criterion is the first trial which describes the relationship between the alignment of the transmitter coils and the magnetic field distribution in terms of the non-uniqueness problem related with the estimation accuracy for the receiver coil position.
By optimizing the alignment of the conventional six transmitter coils using the criterion, we are able to solve the non-uniqueness problem without adding any extra transmitter coils.
In this paper, we first describe the measurement principle of the 3D-EMA [9, 10] . Then, we show the optimization method for the alignment of transmitter coils. Finally, we investigate the measurement accuracy using receiver signals for the optimal alignment of transmitter coils.
METHOD FOR ACCURACY IMPROVEMENT
In this section, we first describe the coordinate system and the measurement principle of the 3D-EMA [9, 10] . After that, we propose the criterion for the assessment of the non-uniqueness problem and the optimization method for the alignment of transmitter coils using the criterion. Finally, we describe a magnetic field model used in this study.
Measurement Principle of the 3D-EMA
The 3D-EMA system consists of six transmitter coils and several receiver coils as position markers. Transmitter coils are placed on the surrounding of the measurement region and generate alternating magnetic fields at different frequencies from each other. Receiver signals from the receiver coils are induced by the magnetic field.
For the original alignment of the transmitter coils, T 1 ; T 2 ; Á Á Á ; T 6 , the axes of the transmitter coils are defined to be parallel to x 1 , x 2 and x 3 for T 1 , T 3 and T 5 , respectively; for T 2 , T 4 , and T 6 , the axes are parallel to the lines T 2 T 6 , T 4 T 2 , and T 6 T 1 , respectively, in the same way as for the AG500 system ( Fig. 1) [9] . The state of the receiver coil is represented as
where ðx 1 ; x 2 ; x 3 Þ and ð 1 ; 2 Þ denote the position in the coordinate system and the rotational angles with respect to the x 2 and x 3 axes, respectively. The position and orientation of the receiver coil is determined by minimizing the difference between the measured signal z l ðl ¼ 1; 2; Á Á Á ; 6Þ and the predicted onê z l ðl ¼ 1; 2; Á Á Á ; 6Þ where l indexes the transmitter coil. Here we denote by E s the difference between the measured and predicted receiver signals for all of the transmitter coils' receiver signal components; that is,
The estimation result for the state of the receiver coil is determined by minimizing E s . As the relationship between the predicted receiver signal,ẑ l ðl ¼ 1; 2; Á Á Á ; 6Þ, and the state of the receiver coil, s, is non-linear, we employ the Gauss-Newton method to find the optimal state of the receiver coil. We will mention the magnetic field model which is used for the calculation of the predicted receiver signal,ẑ l ðsÞ, in Sect. 2.3.
Optimization Method for the Alignment of Transmitter Coils
The non-uniqueness problem indicates that the position and orientation of the receiver coil cannot be determined uniquely from the measured receiver signal, resulting in a large measurement error. In Fig. 2 , z represents the receiver signal andẑðs 1 Þ is the predicted one for the actual receiver state s 1 . Supposed that there exists a non-target state s 2 for which the predicted signal,ẑðs 2 Þ, is very close toẑðs 1 Þ. For such situation, the signal error can be smaller for the wrong state, s 2 . In other words, if the value of E s is smaller forẑ ðs 2 Þ than forẑðs 1 Þ, then s 2 is estimated as the receiver position. If the distance between s 1 and s 2 is large, this wrong estimation results in a huge estimation error. The cause of this problem is that the magnetic field distribution is not suitable for the state estimation of the receiver.
The magnetic field pattern is decided by the alignment of transmitter coils. Therefore, we would like to seek an optimal alignment of the transmitter coils. However, it is difficult to seek the optimal alignment, because the candidate for the alignment is the combination of the positions and the orientations for 6 transmitter coils and then the number of the candidate is very huge. In this study, we fix the positions of the transmitter coils to the positions same as the original 3D-EMA system to reduce the candidate and seek better orientational alignment of transmitter coils, because the transmitter coils are surrounding of the measurement region and located at symmetric and equidistance positions from the origin of the Cartesian coordinate system as illustrated in Fig. 1 .
For the optimization, we define the following criterion to express the minimum signal difference between the two states in the measurement region for all the transmitter coils:
where l is used to index the transmitter coil, and i and j are used to index the sampled receiver states. N i is the number of samples taken in the measurement region, N j is the number of samples taken in the comparison region, and ' represents the angles of the transmitter coils f' 1l ; ' 2l gðl ¼ 1; 2; Á Á Á ; 6Þ, where ' 1l and ' 2l denote the rotational angles of the l-th transmitter coil with respect to the x 2 and x 3 axes, respectively. If Cð'Þ takes a small value, it indicates that there are different states for which the receiver signals are almost the same. This can easily lead to the non-uniqueness problem. In this study, we optimize the transmitter-coil angles by maximizing the criterion, Cð'Þ.
We use a genetic algorithm (GA) based combinational method to find the optimal transmitter-coil angles. At first, we prepare the original angle candidate, ' in initialization stage. In the update stage, we prepare for the update angle candidate, ' 0 , which added a normal random vector to the current transmitter-coil angle, ':
where Nð0; ' 2 Þ is a normal random vector with 0 mean and variance '
2 . Then, we calculate Cð'Þ and Cð' 0 Þ using Eq. (3). If Cð' 0 Þ is larger than Cð'Þ, the transmitter-coil angle ' is updated to ' 0 . After the update, the variance ' 2 is increased and a new candidate for the updated angle is Fig. 1 Original alignment of the transmitter coils, T 1 ; T 2 ; Á Á Á ; T 6 , and the coordinate system for the 3D-EMA [9] . The state of the receiver coil is represented as s ¼ ðx 1 ; x 2 ; x 3 ; 1 ; 2 Þ, where ðx 1 ; x 2 ; x 3 Þ and ð 1 ; 2 Þ denote the position in the coordinate system and the rotational angles with respect to the x 2 and x 3 axes, respectively.
prepared. However, if Cð' 0 Þ is not larger than Cð'Þ, then the transmitter-coil angle is not updated, and the preparation of a new candidate is repeated. When an update does not happen five times consecutively, the variance ' 2 is decreased. By repeating the update stage until convergence, the optimal angle of transmitter coils is established.
Magnetic Field Model and the Predictive Method
for the Receiver Signal The accuracy of the magnetic field model directly influences the position estimation accuracy. In our previous study [10] , we introduced a nonparametric model of the magnetic field. In the model, spline function is used to fit the predicted receiver signals to the actual receiver signals at the sample states for the calibration region. However, the model could not clarify the field outside of the calibration region. In addition, the model could not predict the field, when the alignment of the transmitter coils was changed.
To resolve the problem, we introduce a magnetic field model based on Coulomb's law. In this model, we regard transmitter coils as magnetic dipoles and the magnetic field at given point was estimated by superposing the magnetic fields from both poles. We can then model the magnetic field using gain parameters and the transmitter coils' pole positions.
Here, we denote the positions of both poles of a transmitter coil as x p and x n and define the electrical charge of these poles as þq and Àq, respectively. The magnetic field created by the transmitter coil at an arbitrary position x is represented as
where r p ðxÞ ¼ x À x p , r n ðxÞ ¼ x À x n , and " 0 is the magnetic permeability of the air. Let g q=4%" 0 and ÁrðxÞ r p ðxÞ=jr p ðxÞj 3 À r n ðxÞ=jr n ðxÞj 3 , Eq. (5) can be rewritten using gain and position variables,
Using the unit length vector that represents the orientation of the receiver coil, eð 1 ; 2 Þ, the predicted receiver signal zðsÞ at the state s is calculated from
where L is a gain constant related to the properties of each receiver coil and is the dot product. We substitute Eq. (6) into Eq. (7), and rewrite Lg to g. Then, we can represent zðsÞ asẑ
From this equation, we know that if the gain parameter is known, then a predicted receiver signalẑðsÞ can be calculated.
The gain parameter, g, is determined from calibration data that produces receiver signals at m calibration states s i ði ¼ 1; 2; Á Á Á ; mÞ. We define the residual calibration error as the difference between the measured and predicted receiver signals for all the calibration states:
where z i andẑðs i Þ are the measured and the predicted receiver signal at the i-th calibration state, respectively. The gain parameter g is determined by minimizing this residual error, E g .
EXPERIMENT
In this section, we first decide the optimized alignment of transmitter coils using the optimization method shown in Sect. 2.2. After that, we investigate the accuracy of the estimated position of the receiver coil for the original and the optimal alignment of the transmitter coils by computer simulation and verify what change can occur in the magnetic field distribution. Finally, we investigate the accuracy of the estimated position of the receiver coil for the original and the optimal alignment of transmitter coils using an actual measurement system.
Optimized Alignment of Transmitter Coils
In this study, we defined the measurement region as a rectangular parallelepiped of dimensions 80 Â 80 Â 80 mm and the center of the region is set to the origin of the coordinate system. The range of the region was chosen so as to include the most important articulatory movements of the tongue. We assumed that the range of the orientation of a receiver coil was À30 . This was decided by assuming the movable range for the orientation of the receiver coil under the condition that the axis of the receiver coil is set perpendicular to the midsagittal plane, the plane including the x 2 and x 3 axes. Under this condition, the axis of the receiver coil is assumed to set parallel to the x 1 axis.
We optimized the transmitter coil angle, ', by maximizing the criterion, Cð'Þ, using the optimization method described in Sect. 2.2. The sets of sampled receiver states, where S i ¼ fs i ðx 1 ; x 2 ; x 3 ; 1 ; 2 Þði ¼ 1; 2; Á Á Á ; N i Þg was defined by every combination of x 1;2;3 ¼ f0; AE10; AE20; AE30; AE40g mm and 1;2 ¼ f0 ; AE5 ; AE10 ; AE15 ; AE20 ; AE25 ; AE30 g, and S j ¼ fs j ðx 1 ; x 2 ; x 3 ; 1 ; 2 Þð j ¼ 1; 2; Á Á Á ; N j Þg was defined by every combination of x 1;2;3 ¼ f0; AE10; AE20; AE30; AE40; AE50g mm and 1;2 ¼ f0 ; AE5 ; AE10 ; AE15 ; AE20 ; AE25 ; AE30 ; AE35 g, were used to calculate Cð'Þ. Note here that the ranges of both the positional and rotational variables were extended slightly for the comparison region, S j , to increase the optimization process reliability. In the calculations, the strengths of the receiver signals were normalized such that the strength from the first transmitter coil (T 1 ) was 100 when the receiver coil was located at the origin and was directed at the x 1 axis and when T 1 was also directed in the original direction, as shown in Fig. 1 .
From the results of the optimization process, we obtained the optimal transmitter coil angle ' opt , for which Cð' opt Þ was 2.09. When the transmitter coil angle was set at the original angle, Cð' org Þ was 0.79, and the criterion after optimization, Cð' opt Þ, was more than double the value of the criterion before optimization, Cð' org Þ. Based on these results, we expect that the non-uniqueness problem will now seldom occur when the optimal transmitter coil angle is used. We have listed the values of the transmitter coil angles before and after optimization in Table 1 .
Simulation of Measurement Accuracy
Using a computer simulation, we estimated the position and orientation of the receiver coil before and after optimization of the transmitter coil angle to evaluate the effectiveness of the optimization process in Sect. 3.1. In the simulation, a pseudo-signal for the receiver was used instead of the measured receiver signal. This pseudo-signal was calculated by adding white Gaussian noise with the variance of the actual measurement noise to the predicted receiver signal calculated using the magnetic field model. The sample states of the receiver coil were set as the every combination of x 1;2;3 ¼ f0; AE10; AE20; AE30; AE40g mm and 1;2 ¼ f0 ; AE10 ; AE20 ; AE30 g resulting in 35,721 states in total. The scaling parameters used to regulate the update quantity in the Gauss-Newton method for receiver coil position estimation were set at 1/2,500, 1/5,000, 1/7,500, 1/10,000, 1/25,000, 1/50,000, 1/75,000 and 1/100,000, and we selected the most appropriate scaling parameter for each update. Figures 3 and 4 show the estimation results for the original and the optimal transmitter-coil angles. Figure 4(b) shows the amplification of the same result near the origin of (a). In these figures, position errors are plotted as a function of the residual signal error for all sample states, where the position error means the distance between the estimated and correct positions and the residual signal error E res is defined as follows.
Here, z l ,ẑ l ðs est Þ are the measured and predicted receiver signals for the l-th transmitter channel and s est means the estimated state of the receiver coil. There are some samples with large position errors for which residual signal errors are small in Fig. 3 . These samples mean that the receiver signal in the incorrect position is close to that in the correct position, and hence demonstrate the existence of the non-uniqueness problem. On the other hand, Fig. 4 shows no such estimation errors; indeed, if the position error is small, then the signal error is also small. Thus, the non-uniqueness problem was resolved by optimizing the transmitter-coil angles.
In Fig. 3 , we can also observe that a large number of samples have the residual signal error of more than 2.0 and the position error of more than 2.0 mm. For these samples, the existence of local minima in the nonlinear position estimation process was speculated as the main cause of huge position errors, because a large residual signal error value indicates that the optimization process in the position estimation did not converge to the optimal solution effectively. On the other hand, the number of such samples is quite small and only three in Fig. 4 . The results indicate that the transmitter coil optimization method was effective in improving the convergence of the position estimation process while also resolving the non-uniqueness problem. The average of the residual signal error for all samples decreased from 0.11 to 0.08 through the optimization of the transmitter coils. The average of the position error also decreased significantly from 0.52 mm to 0.16 mm.
Changes in Magnetic Field Distribution
The result of Sect. 3.2 confirmed that the non-uniqueness problem can be resolved by changing the transmittercoil angles. In this section, we verify what change can occur in the magnetic field distribution by changing the transmitter-coil angles in more detail.
For the sample states s i (i ¼ 1; 2; Á Á Á ; N i ) used in Sect. 3.2, we calculated a specific signal difference:
Dði; 'Þ represents the minimum value of the signal difference between the i-th state and all other sample states. The difference between Cð'Þ and Dði; 'Þ is that Cð'Þ is the value for all of the states, whereas Dði; 'Þ is the value for only a focused sample state (i.e., the object sample state). Figures 5 and 6 show the relationships between the sample distance and the specific signal difference, Dði; 'Þ, for the original and the optimized transmitter-coil angles, respectively. Here, the sample distance is defined as the Euclidean distance between the object sample state and another sample state which gives the minimum of Dði; 'Þ.
In Fig. 5 , we can observe that there are samples for which the value of Dði; 'Þ was smaller than 2.0 and the samples distance was more than or equal to 20 mm. On the other hand, the number of such samples is quite small in Fig. 6 . The smallest value of Dði; 'Þ increased from 0.79 to 2.09 through the optimization of the alignment of the transmitter coils. Furthermore, the average and maximum of the sample distance decreased from 13.4 mm to 11.4 mm and 109 mm to 62 mm, respectively, through the optimization. If the value of Dði; 'Þ is small and the sample distance is large for many samples, it indicates that the non-uniqueness problem can readily take place, because there are distanced points in the measurement region for which the receiver signals are very close. Therefore, the result shown in both figures confirms that the spatial distribution of the magnetic field was improved for the correct position estimation as a result of the mitigation of the non-uniqueness problem.
Accuracy Obtained by Actual Measurement
As the simulation results showed the effectiveness of the optimization of the transmitter-coil angles, we then measured the estimation accuracy using an actual hardware system. To investigate the effect of the optimum transmitter-coil angles, we used actual receiver signals mea- Fig . 6 Relationship between the sample distance and the value of specific signal difference for the optimal alignment of transmitter coils, ' opt .
sured at both the original and the optimal transmitter-coil angles.
The hardware system that was used for the evaluation was fabricated in our laboratory. The system configuration is shown in Fig. 7 . The system was based on a 700 Â 630 Â 530 mm acrylic frame, to which we attached six transmitter coils, receiver coils, a transmitter amplifier, a receiver amplifier, an analog-to-digital (AD) converter (DASmin-E2000 model 1616-100k-AD, COMEX Electronics Co., Tokyo, Japan), a digital-to-analog (DA) converter (DASmin-E2000 model 1608-100k-DA, COMEX Electronics Co., Tokyo, Japan) and a Linux PC. The PC is used to generate the driving signals for the transmitter coils and to process the signals from the receiver.
As shown in Fig. 1 , the transmitter coils were located on each of the axes of the coordinate system (x 1 , x 2 , and x 3 ) at a distance of 337.5 mm from the origin. Each transmitter coil was attached to the acrylic frame using a holder that was designed to fasten both sides of the transmitter coil firmly and set the coil in the same position and orientation as the Carstens AG500 system for the original angle condition. The resultant optimal orientation provided by the computer simulation was used for the optimal angle condition. The holders were designed using a CAD system and manufactured using a NC machining device with a precision of approximately 0.05 mm so that the transmitter coils were attached to the acrylic frame with enough accuracy.
The origin of the coordinate system coincided almost exactly with the center of the acrylic frame, and the receiver coil gain calibration process that was described in Sect. 2.3 was performed around this center region. In the experiments, the computer generates sinusoidal signals that correspond to the transmission frequencies of each of the transmitter coils, and these signals are then input to an amplifier. The amplified signals are then sent to the transmitter coils. The transmitter coils generate alternating magnetic fields with suitable transmission frequencies. At the receiver coil, the raw receiver signal is induced by these magnetic fields. The raw receiver signal is then sent to the Linux PC after it is amplified by the receiver amplifier. Because the raw receiver signal is a mixed signal that contains six frequency components, corresponding to the six transmission frequencies, the six frequency components are picked up from the raw receiver signal using the Linux PC, and the position and orientation of the receiver coil was estimated using the procedure described in Sect. 2.1.
To determine the position and orientation of the receiver coil, we used a computer-controlled robot that was capable of precise movement in three dimensions. An arm was fixed to the robot, and a holder for the receiver coil was also placed at the top of the arm. The holder was designed to allow the coil to be rotated manually with respect to two orthogonal axes: the receiver coil axis is usually set in the x 1 axis direction when we gather the gain calibration data. To obtain the test data described below, the receiver coil position was controlled using the threedimensional robot and the coil orientation was changed manually using the coil holder.
The receiver signal measurements were performed under the following conditions. The signals were measured at grid points in the measurement region. There were 27 grid points and we used every combination of points that satisfied the relationship x 1;2;3 ¼ fÀ40; 0; þ40g mm. We measured the receiver signals for 10 different receiver coil orientations. The ranges of these orientations were À30
30
and À30
, and the angle of the coil axis relative to the x 1 axis ranged from 0 to approximately 25 , as shown in Fig. 10 . The data set for which 1 ¼ 0 and 2 ¼ 0 was used to calibrate the gain parameters. We estimated the receiver positions for all receiver signal data. In total, we estimated 270 points. Figures 8 and 9 show the position estimation error as a function of the residual signal error for the original transmitter-coil angles and the optimized transmitter-coil angles, respectively. There are several points in Fig. 8 for which the position error was greater than 5.0 mm despite the residual signal error was less than 0.5. Such errors may be caused by the non-uniqueness problem. In contrast, if the signal error was small, the position error was also small and less than 2.5 mm in Fig. 9 . Clearly, the estimation error caused by the non-uniqueness problem was resolved. In addition, the error values were smaller in Fig. 9 than in Fig. 8 for both the position and residual signal errors. The average position error of all samples for the original and the optimal transmitter-coils angle were 1.58 mm and 0.40 mm, respectively. Note that the axis scale for each figure is different. Points for which the residual signal error and position error are both large may correspond to local optimal solutions. Many points in Fig. 8 fulfill the above situation. In contrast, we cannot observe such examples in Fig. 9 . This means that local optimal solutions disappeared by using the optimal transmitter-coil angle. Figure 10 presents the position error as a function of the receiver-coil angle for the optimal alignment of the transmitter coils. Each plot point represents the average position error for the same orientation of the receiver coils. From the figure, we know that the estimation accuracy tended to deteriorate when the angle increased. The average position error of all samples was 0.40 mm. The average error was 0.37 mm when the receiver angle was less than 20 .
CONCLUSIONS
The aim of this study is to resolve the non-uniqueness problem by optimizing the alignment of the transmitter coils without adding any extra transmitter coils. To achieve this aim, a criterion Cð'Þ was proposed to assess the alignment of the transmitter coils. The criterion is defined as the minimum value of the signal difference between an arbitrary pair of states of the receiver coil; the nonuniqueness problem disappears if the assessed value corresponding to the criterion is large. We employed a GA-based combinational method to search for an optimal alignment.
Computer simulation results showed that the nonuniqueness problem hardly occurs when using the optimal alignment. To clarify whether the magnetic field distribution changes by optimizing the alignment of transmitter coils, we investigated received signals before and after optimization. The analysis showed that there were many sample pairs that were located far from each other even though receiver signals were almost the same before optimization. On the other hand, such sample pairs significantly decreased after optimization. That is, the magnetic field distribution was changed from a configuration, which included the cause of the non-uniqueness problem, to a better configuration by optimizing the alignment of the transmitter coils.
Next, we changed the transmitter-coil angles from the original angles to the optimal angles using an actual system, and conducted measurements using actual receiver signals. Results showed that the non-uniqueness problem can be resolved. In addition, the estimation accuracy tended to deteriorate when the receiver-coil angle increased from the direction of the calibration data. The average position error was about 0.40 mm. If the rotational angle was smaller than 20 , the error decreased to 0.37 mm. We can improve the estimation accuracy effectively using the proposed optimization method of the system.
A new model of the 3D electromagnetic articulograph (AG-501, Carstens Medizinelektronik GmbH,. Nelkenweg, Germany) was designed to solve the non-uniqueness problem by adding three transmitter coils to the conventional system. An increase of the number of transmitter coils leads to an increase in the frequency components of the receiver signal and introduces a stricter constraint condition in estimating the receiver state. As a result, the ambiguity of the solution for the position estimation is mitigated leading to the solution of the non-uniqueness problem. However, the uniqueness of the solution for the position estimation has not been fully proved. Our optimization method can be applied to a system such as the AG-501-based system with nine transmitter coils to resolve the non-uniqueness problem and improve the estimation accuracy. The non-uniqueness problem can occur as long as the estimation method is based on the minimization of the signal difference of the measured and predicted signals. Hence, our method can play an important role in the design of an EMA system.
